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Introduction
Recent reports of potable water contamination by metaldehyde [1] have drawn public attention to the matter; the maximum concentration of metaldehyde in U.K. drinking water is regulated, according to its role as a pesticide, at 0.1 g/L (ppb) [2] . In 2010, several British water treatment works detected significant quantities of metaldehyde in their treated waters, reaching up to 1 ppb, i.e. ten times higher than the permitted level [3] . The detection of metaldehyde in drinking water supplies indicates that current methods utilised in the water treatment industry, i.e. Granular Activated Carbon (GAC) beds, are not working effectively and according to research conducted by the Water Research centre (WRc), a virgin GAC bed was exhausted after only 44 days of use, where metaldehyde breakthrough was detected [4] . Our previous research findings indicated that the rapid exhaustion of GAC is caused by the low adsorption capacity of metaldehyde onto GAC and a high leaching tendency [5] . An additional concern in the use of GAC beds is that, although it can lower the concentration of metaldehyde in water initially, GAC can only remove ~30-50% of the total metaldehyde within a water stream, meaning that water contaminated with metaldehyde at levels > 0.15 ppb, even if treated, will still exceed the threshold of 0.1 ppb [4] . The poor performance of GAC for metaldehyde removal is a result of its low adsorption capacity, exacerbated by high leaching tendencies [5] . Recent work has shown an improvement to carbon based systems using the bespoke sorbent Nyex™, however, the process requires a number of cycles to reach high levels of remediation as well as electrochemical regeneration of the sorbent [6] .
Investigations using Advanced Oxidation Processes (AOPs) for metaldehyde removal from drinking water have been undertaken by several researchers; AOPs comprise a category of destructive reaction processes, which have demonstrated promising performances for the removal of micro-pollutants. One sub-category of AOP is chemical activation via UV irradiation to generate highly reactive hydroxyl radicals (e.g. H2O2, TiO2 and H2O2/ Fe 3+ ) [7] [8] [9] [10] [11] . Studies on the degradation of metaldehyde by AOPs using UV/H2O2 and UV/TiO2 revealed that both methods had efficient degradation of metaldehyde with almost identical removal rates (~ 0.007 cm 2 mJ -1 ) for synthetic laboratory water samples. However, when tested using real water samples, the degradation performance of UV/TiO2 was completely limited due to the blockage of active sites by background organic substances. In the case of UV/H2O2 and real water samples, the rate of degradation was slowed from 0.007 to 0.002 cm 2 mJ -1 by background organic matters [12] . Furthermore, more detailed investigations into the influence of competing organic substances on the performance of UV/H2O2 and UV/TiO2 showed that hydrophobic matter had a greater inhibitory effect than hydrophilic matter [13] .
Therefore, UV/H2O2 was deemed to be more effective than UV/TiO2. However, in order to reach the desired metaldehyde removal performance, large quantities of H2O2 are required and high UV dosage needed, since irradiation at 254 nm (UV light) does not activate H2O2 effectively [12] [13] [14] . Although it is was shown that AOP can remove metaldehyde from water, there are still key issues that need to be addressed before it may be employed in large-scale water treatment works, including the issues of by-product production and the prohibitively high infrastructure and running costs of the process [14] .
Currently, as discussed above, existing methods for the removal of metaldehyde suffer certain limitations, therefore; alternative cost-effective and more practical methods are urgently required to address metaldehyde contamination within U.K. water supplies. Our previous research has shown that sulfonic acid functionalised silica materials efficiently remove metaldehyde from drinking water [15] ; achieved by a mechanism involving the degradation of metaldehyde into acetaldehyde, thereby, creating a secondary pollutant ameliorated using amine functionalised materials in a dualstage process. Previous fabrication of a bench scale dual-stage system was attempted, however, some obstacles hindered the installation. Obstructions hindering the installation and evaluation of the previously proposed treatment system primary include (1) the large-scale production and commercialisation of the prepared silica samples, which would significant require time to achieve particularly with regards obtaining regulatory permits for potable water; (2) the silica samples, assynthesised, were in the form of very fine particles (<10 m), which would cause tremendous pressure drops if used in fixed-bed columns. According to Darcy's law of describing flow in porous media [16] , the pressure drop (∆p) of flow through porous material packed column can be calculated by the equation of ∆p= (Q µ L)/(k A), where Q is flowrate, µ is viscosity of fluid, L denotes the length of bed, A is area of cross section and k is the permeability (or hydraulic conductivity) of the packed medium. Permeability of the packed material is affected by the particle size and porosity (e.g. pore size) of the material. As indicated by the characterization of silica samples [15] , the particle size fell in the range of 1-50 µm and pores were micro and mesoporous, meaning the permeability of the silica packed column would be very small and the pressure drop would be tremendous. Therefore, alternative materials with bigger particle size and large pore sizes could solve these issues, hence, Macronets with sulfonic acid fictionalisation, were, designed and supplied by Purolite ® and, utilised in a dual-stage process. In comparison, the particle size of Macronets was in the range of 500-650 µm which is a common size in water purification applications. Also, the pore volume of Macronet MN502 is more than 0.3 mL/g. Therefore, the pressure drop associated with operation under standard operating parameters is in the normal range, allowing the proposed dual-stage method to be fabricated and tested. The Macronets used were selected on the outcomes of our previous study, which indicated sulfonic acid functionality showed good metaldehyde degrading performance [15] , hence, a series of materials with controlled porosity (surface area, total pore volume, pore size distribution) and extent of sulfonic acid functionalisation were synthesised to allow process optimisation, via a highly efficacious dual-stage method for removal of metaldehyde from drinking water.
Experimental
Macronet samples were synthesised at Purolite® International, U.K., and are, subsequently, commercially available; six Macronet samples were prepared, in total, with varying porous textures and a range of acid capacities, allowing for optimisation of desirable material characteristics. The materials can be divided into two sub-categories: Macronet (MN) and D code (DC) series. The MN series includes MN500, MN501 and MN502, while the DC series consists of DC564, DC565 and DC566. The key difference between MN and DC materials is the extent of sulfonation to the same parent matrix, which results in a significant variation in the porous textures of the materials. An ionexchange resin A830, with complex amine functionality, used in the second stage of the method was also supplied by Purolite®. Textural characterization was performed via analysis of nitrogen sorption isotherms (ASAP 2420, Micrometrics) obtained at -196 °C [17] , to provide specific surface areas and pore volumes. Pore size distributions were determined by mercury intrusion porosimetry, performed on a PoreMaster ® PM-60 instrument (Quantachrome, UK) [18, 19] . Quantification of extents of surface functionalisation was performed using Boehm titration methods [20, 21] . The concentration of metaldehyde and acetaldehyde in water samples were determined by GC and HPLC, respectively; and the detailed analysing conditions are as described in our previous works [15, 22] . Carbon (GAC), column 2 packed with 2 g of either ion exchange resin A830 or GAC. Table 1 summarises the textural properties and acid capacities of the Macronet samples used in this study, and it can be seen that the introduction of sulfonic acid groups reduces the porosity of the samples. The unfunctionalised matrix of these Macronets has a total pore volume of 0.667 cm 3 /g and a surface area of 950 m 2 /g, according to the manufacturer's specifications, while slightly functionalising the matrix (MN series) decreases both the surface area and pore volume substantially (surface areas 330-400 m 2 /g); further functionalisation (DC series) causes additional decrease of the surface area (3-22 m 2 /g) and a similar trend in pore volume. In addition to available volume and area, it is also important to consider the trend in pore size, since metaldehyde molecules tend to assemble via hydrogen bonding to form macro-molecular structures; the surface area and pore volume contributed by the meso-and macro-pores is crucial as these are the channels that will facilitate diffusion and removal of the large metaldehyde clusters. Hence, the percentages of meso-and macro-pore volume (VMeso-Macro) compared to the total pore volume (VTotal) were calculated, and Figure   2 shows the pore size distributions of the MN series samples, as determined by mercury intrusion. It is clearly shown that among the MN samples, MN502 has the largest pore volume, reaching 0.328 cm 3 g -1 (Error! Reference source not found.). More importantly, the large majority (0.203 cm 3 g -1 , 62% of total pore volume) of the pore volumes are contributed by non-micropores, meaning most of the pores are accessible to hydrogen bonded metaldehyde molecules (Figure 2 ). MN501 may well exhibit the highest surface area, reaching 402 m 2 g -1 but 300 m 2 g -1 of this area is contributed by micropore surfaces; similarly, MN501 has a high total pore volume of 0.310 cm 3 g -1 but only half of its 0.158 cm 3 g -1 is non-micropore volume. Of the MN series, MN500 has the lowest total pore volume (0.260 cm 3 g -1 ), with the lowest contribution from meso/macropores, as well as a low surface area (331 m 2 g -1 ). 
Results and Discussion

Characterisation of materials
Catalysis selectivity study
Previous results have demonstrated that sulfonic acid functionalities have the ability to degrade metaldehyde into acetaldehyde, efficiently and completely [15] . In order to determine the level of efficiency of the catalytic materials used in this study, Nuclear Magnetic Resonance (NMR) tests were conducted to probe the presence of metaldehyde after degradation using the series of Macronets. 20 mg of metaldehyde was dissolved in 50 mL of deuterated water (D2O). The NMR spectrum for the initial metaldehyde/deuterated water mixture was recorded and is displayed in Figure 3 as 'Before'. 2 mg of the best performing Macronet MN502 was then added into the solution, and the NMR spectrum was taken again after 15 min of shaking / reaction and is displayed in Figure 3 Considering these results in conjunction with our previous results, it is clear that the mechanism for degradation of metaldehyde by Macronets is the same as that proposed for sulfonated silica (SBA-15), with the sulfonic acid functionalised Macronet acting as a heterogeneous catalyst, effectively depolymerising metaldehyde into acetaldehyde.
Catalysis kinetic study
As the process is catalytic, it is vitally important to investigate the reaction kinetic performance of the heterogeneous catalysts used in this study; hence, comparative kinetic experiments were conducted. The depolymerisation reaction can be described by the following kinetic equations:
Eq. (1) Eq. (2) Since the concentration of sulfonic acid is constant and in significant excess, the overall rate of reaction is only dependent on the concentration of metaldehyde, thus, Eq. (2) becomes a first order rate equation [24] with the integrated formula being expressed as:
The trend in metaldehyde concentration as a function of time is shown in Figure 4 , with different
Macronets acting as catalysts under the same experimental conditions; also shown are the curves obtained for the raw experimental data being fitted to a theoretical first order rate equation. The kinetic parameters obtained are summarized in Table 2 . The capacity of the Macronet materials appears to be limited only by the initial concentration used for the remediation study, here 200 ppm, which translates to 200 mg/g and this is significantly higher than previously reported capacities for adsorption on a phenolic carbon (76 mg/g) [25] , and is supported by the higher capacity previously observed for catalytic degradation by an ion exchange resin [5] . Generally, it can be seen that MN samples exhibit much faster kinetics than DC samples, with rate constants (k) 3-4 times higher; this can be ascribed to the fact that MN samples have textual properties much better suited to the target system, i.e. larger surface areas and highly meso/macroporous volumes, compared to DC samples. These properties increase the permeability of the MN Macronets, facilitating the path of metaldehyde molecules to diffuse to the active sites with the materials. The results also indicate that an increasingly high extent of functionalisation is not necessary because the further functionalized DC samples demonstrated significantly poorer kinetics.
Within a heterogeneous catalysis process, the diffusion step is always the rate-limiting step, whereas the reaction step is, by comparison, very fast. The high acid capacities of the DC samples markedly decreases sample porosity, resulting in an increase in diffusive resistance towards metaldehyde clusters. Therefore, the rates of catalysis are very slow, as the metaldehyde has hindered diffusion to the active sites, despite the fact that their densities are correspondingly high. Comparison of the kinetic data obtained at 22 °C for three MN samples, shows that the best kinetic performance was achieved using MN502, which possesses the largest pore volume. MN501
has the highest surface area but gave a much lower rate constant. Close examination of the kinetics determined for the MN samples, shows that, as predicted, pore volume, especially meso and macro pore volume, is more desirable than surface area. Figure 5 presents the correlations between rate constant and textural characteristics, including surface area, total pore volume and non-micro pore volume among the MN samples; a positive linear relationship is only observed for the correlation of rate constant to meso and macro pore volume, indicating that non-micropores play a significant role in the catalytic process due to the increased size of the hydrogen-bonded macromolecular structure of metaldehyde [26] , as micropores will not be accessible to these extended molecular structures. It is, therefore, implicit that the principal reason that Granular Activated Carbons (GACs) show poor performances for metaldehyde removal, is as a consequence of the majority of the porosity present in GAC materials being microporous. The Arrhenius equation [27] states that the rate constants of a process demonstrate a temperature dependence, from which the activation energy of a catalytic process (Ea, kJ mol -1 ) can be estimated:
k Eq. (4) Figure 6 presents the catalytic reaction kinetics for metaldehyde degradation by MN502 at three different temperatures, with the calculated rate constants for each temperature shown in Table   2 . The resulting activation energy, from the linearised plot of lnk versus 1/T, is 75.4 kJ mol -1 , confirming that the process is both an endothermic and chemical one. 
Competing effect of inorganic ions on catalytic performance
It is generally recognised that the presence of inorganic ions causes significant effects on adsorption and catalytic processes in water treatment [28, 29] . In this study, the effect of calcium ions (Ca 2+ ) on the degradation of metaldehyde was investigated, since Ca 2+ is the major inorganic ion in drinking water, especially in U.K. regions that experience high levels of metaldehyde contamination. Figure 7 shows the effect of different concentrations of Ca 2+ on the kinetics and capacities of the metaldehyde depolymerisation reaction, using MN502. It is clear that the presence of calcium ions decreases both the reaction rate and the overall capacity significantly, with an increased impact observed at high Ca 2+ concentration; however, the effect plateaus with increasing concentration ratio of Ca 2+ /metaldehyde, even for ratios as high as 100 times. The experimental results obtained demonstrate that the presence of inorganic ions decreases both the kinetics and capacities of Macronet MN502, which can be explained by consideration of the different working mechanisms of the sulfonic acid group interactions with metaldehyde and inorganic ions. For inorganic ion remediation processes, the working mechanism is ion-exchange, while for metaldehyde removal; the process is a catalytic reaction, as illustrated in Figure 8 . As is generally recognised, every ion-exchange reaction is reversible with the equilibrium constant highly dependent on the ion pairs. In industrial water treatment processes, sodium forms of resins are normally used to soften water [30] [31] [32] , rather than the proton forms, as the bonding energy between RSO3 -and H + is much stronger than that between RSO3 -and Na + , such that breaking RSO3-H is more difficult than breaking RSO3-Na. Hence, for the ion-exchange process between MN502 and Ca 2+ , the rate constant is expected to be low, so that, even at equilibrium, there is some RSO3H remaining. As long as some RSO3H is available, it will continue to catalyse the degradation of metaldehyde; hence, despite the high ratios of Ca 2+ /metaldehyde, the catalytic degradation mechanism is still available. Using these results as a basis, it is possible to predict that for an implemented fixed-bed column packed with Macronet, inorganic ions will initially be absorbed by the column via ion-exchange, as well as the simultaneous degradation of metaldehyde; the bed will then reach its capacity for the inorganic ion and be unable to adsorb further Ca 2+ ions, however, the remaining RSO3H will still be available to degrade metaldehyde, albeit with slower reaction kinetics. 
Removal of acetaldehyde by ion-exchange resin A830
It has been reported in the literature that aldehydes can be removed using primary amines, as a result of a condensation reaction [33, 34] :
Eq. (5) Therefore, in this work, an amine functionalised resin with acrylic matrix has been applied to remove the acetaldehyde produced in the first reaction step of the process presented here. Figure 9a shows kinetic data obtained for acetaldehyde adsorption onto A830; data obtained for acetaldehyde adsorption onto GAC is included for comparison. It is clear that the kinetics of acetaldehyde adsorption onto A830 are much faster than those for GAC. More than 90% of available acetaldehyde was absorbed by A830 within 8 h. The kinetic data were better described by a pseudo-second order equation, with a rate constant of 0.170 g mg -1 min -1 . With regards to the adsorption of acetaldehyde onto GAC, the performance was quite poor, which is ascribed to the weak physical interactions between GAC and acetaldehyde.
(1) (2) Since the kinetic adsorption performance of A830 was much better than that of GAC, the isotherm of acetaldehyde sorption onto A830 was investigated. Figure 9b shows the isotherm obtained at 20 o C and the theoretical curve generated by the Langmuir equation; this model assumes monolayer adsorption and is suited to this work as the proposed mechanism requires acetaldehyde molecules to diffuse to the adsorbent surface and react with surface functional groups via the condensation reaction shown above [36] [37] [38] . Consequently, the Langmuir equation is widely used to describe sorption of solutes onto heterogeneous surfaces involving surface functionalities and adsorbate-adsorbent interactions:
Eq. (6) The fit obtained shows that the experimental data were in good agreement with the theoretical model, hence, also in agreement with the proposed adsorption mechanism, giving a high maximum adsorption capacity (qm, mg g -1 ) of 441 mg g -1 , indicating that A830 is good candidate for acetaldehyde removal.
Dual-stage column tests
The batch experiments discussed above demonstrate that metaldehyde can be efficiently degraded into acetaldehyde by sulfonic acid functionalised Macronets, and the acetaldehyde 
Conclusions
Efficacious metaldehyde removal was achieved by the application of a combination of macroporous sulfonic functionalised Macronet, as catalyst, and amine functionalised ion-exchange resin, as adsorbent. NMR analysis confirmed that heterogeneous catalysis of metaldehyde was substantial with acetaldehyde the only by-product. Kinetic studies revealed that the rate of metaldehyde degradation is determined by the diffusional step and a high extent of functionalisation is not necessarily required to obtain good catalytic performance, since the introduction of functional groups significantly compromises the porosity. The kinetic study also revealed that the degradation rate is closely related to the total pore volume, especially to the meso-and macropore volumes.
Macronet sample MN502, with considerable surface area, appropriate pore size and large pore volume showed the best kinetic performance; the fast kinetics observed for MN502 are related to the effective accessibility of metaldehyde molecules to the sulfonic acid groups present in the sample.
Competing ion tests showed that the presence of inorganic ions (Ca 2+ ) decreased the catalytic performance, however, good level of degradation (~80%) was observed even with Ca 2+
concentrations 100 times those of metaldehyde; this limited influence is the result of the interaction between sulfonic acid groups and Ca 2+ being an ion-exchange process, sulfonic acid groups and metaldehyde undergo heterogeneous catalytic processes. The kinetic and isothermal studies of acetaldehyde onto resin A830 demonstrated that the only by-product of metaldehyde degradation can be effectively removed. Breakthrough curves for the fabricated dual-column system confirmed the effective degradation of metaldehyde by MN502 and the complete removal of acetaldehyde by a second bed packed with ion-exchange resin A830. The method developed in this work is very promising since it can be used in conjunction with existing infrastructure in U.K. water treatment works making the process cost-effective and easy to apply.
